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Room-temperature crystal structure and multiferroic properties of the Bi0.92Nd0.08Fe1 xMnxO3
(x 0.3) ferromanganites have been studied to reveal the effect of Mn doping on the magnetic and
ferroelectric behaviors of the lanthanide-modified compound representing a polar (space group
R3c) predominantly antiferromagnetic phase of the Bi1 xLnxFeO3 perovskites. B-site substitution
tends to suppress existing polar displacements and induces a ferroelectric-to-antiferroelectric
transition near x¼ 0.2. The threshold concentration inducing the structural transformation does not
coincide with that required to change the dominant magnetic interaction, so a weak ferromagnetic/
ferroelectric state unusual for the Bi1 xLnxFeO3 and BiFe1 xMnxO3 series appears in the
intermediate concentration range near the polar/nonpolar phase boundary.VC 2013 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4810764]
I. INTRODUCTION
Perovskite-like compounds (general formula ABO3) are
widely known nowadays as materials demonstrating many
attractive physical phenomena (e.g., high-temperature super-
conductivity, colossal magnetoresistance, coexistence of fer-
roelectricity and magnetism). The latter, having potential for
numerous technological applications related to the magneto-
electric effect, becomes one of the main topics of the con-
densed matter research.1–3 Among multiferroic perovskites,
BiFeO3 is distinguished by the broadest temperature range of
a spin and electric dipole ordering coexistence (TAF 640K,
TFE 1100K).3 At room temperature, bismuth ferrite pos-
sesses a rhombohedral structure (space group R3c) compati-
ble with the spontaneous polarization (Ps 100 lC/cm2)4,5
directed along the [001]hex axis.
6,7 The ferroelectricity is
caused by the stereochemically active Bi3þ cations contain-
ing a highly polarizable 6s lone pair of valence electrons that
demonstrate a strong tendency to break a local inversion
symmetry.8 Though superexchange interactions
Fe3þ O Fe3þ alone would give rise to a G-type antiferro-
magnetic (AF) alignment of the iron magnetic moments in
BiFeO3,
9,10 a coupling between the ferroelectric and mag-
netic subsystems stabilizes a more complicated magnetic
structure with a long-range (620 A˚) cycloidal modulation.11
This modulation eliminates any spontaneous magnetization
which could be induced by the Dzyaloshinsky-Moriya interac-
tion12 to make impossible controlling the ferroelectric subsys-
tem of BiFeO3 via a moderate magnetic field application. It
has been recognized that A-site lanthanide (Ln) substitution
increases magnetic anisotropy in bismuth ferrite to make spa-
tial modulation energetically unfavorable.13,14 Though earlier
publications devoted to multiferroic properties of the
Bi1 xLnxFeO3 perovskites suggest the possibility to combine
weak ferromagnetism and ferroelectricity in the lanthanide-
modified phases,15 more recent works do not support this
assumption and indicate that the doping-driven suppression of
the cycloidal modulation resulting in the establishment of
weak ferromagnetic (wF) state is accompanied by the destruc-
tion of the initial polar structure, maximum magnetization in
the Bi1 xLnxFeO3 series (Ms 0.25 0.3 emu/g) being
achieved only in the substitution-stabilized nonpolar phases
[upon lanthanide substitution, the initial ferroelectric rhombo-
hedral (R3c) AF phase typically transforms into the intermedi-
ate antiferroelectric orthorhombic (Pnam for Ln¼ Pr, Nd,
Sm16–18 or Pnam and Imma(00c)s00 for Ln¼La19,20) wF
phase that, in turn, transforms into nonpolar orthorhombic
(Pnma) wF phase characteristic of LnFeO3 orthoferrites].
Decreasing ionic radius of a substituting lanthanide shifts
phase boundaries of the doping-induced transitions toward
smaller x (for the R3c ! Pnam phase transition, the critical
concentration varies from 18% for Ln¼La19,20 to 14%
for Ln¼Sm18). In contrast to the lanthanide-modified sys-
tems, the BiFe1 xMnxO3 compounds keep the initial polar
structure unaltered and do not exhibit weak ferromagnetic
behavior in the entire concentration range of the solid solu-
tions realization (i.e., at x 0.3 for the ambient-pressure syn-
thesis).21,22 Effect of combined Ln/Mn substitution
(Ln¼La,23 Pr,24 Nd,25 and Sm26–28) on the crystal structure
and magnetization behavior of the BiFeO3 perovskite has also
been recently studied; however, these investigations, being
mainly focused on aspects related to doping-induced structural
transformations in the (Bi, Ln)Fe1 xMnxO3 series (depending
on chemical composition, manganese substitution can stabi-
lize both commensurate and incommensurate nonpolar
structures23–28), do not give a clear understanding how Mn
doping influences multiferroic properties of the Bi1 xLnxFeO3
compounds in the initial polar phase. To contribute to answer-
ing this question, a detailed analysis of crystal structure,
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ferroelectric, and magnetic properties of the
Bi0.92Nd0.08Fe1 xMnxO3 compounds (in the Bi1 xNdxFeO3
series, the ferroelectric-to-antiferroelectric phase transition
takes place within the range 0.1< x< 0.15 (Ref. 17))
was carried out. A doping-driven decoupling of the
antiferromagnetic-weak ferromagnetic and ferroelectric-
antiferroelectric transitions resulting in the appearance of a
weak ferromagnetic polar phase uncommon for
Bi1 xLnxFeO3 and BiFe1 xMnxO3 perovskites was found.
II. EXPERIMENTAL
Polycrystalline samples of Bi0.92Nd0.08Fe1 xMnxO3
(x 0.3) were prepared by a conventional solid-state reac-
tion method using the high-purity oxides Bi2O3, Nd2O3,
Fe2O3, and Mn2O3. The reagents were taken in stoichiomet-
ric cation ratio, mixed and pressed into pellets. The synthesis
was carried out in air at 870 C for 15 h to yield ceramic
materials with the grain size distributed in the range from 1
to 5 lm [inset in Fig. 1; the backscattered-electron image
was obtained with a Phenom G2 pro desktop scanning elec-
tron microscope (Phenom-World)]. X-ray diffraction (XRD)
patterns were collected at room temperature using a Rigaku
D/MAX-B diffractometer with Cu Ka radiation. The data
were analyzed by the Rietveld method using the FullProf
program.29 Local ferroelectric properties were investigated
with piezoresponse force microscopy (PFM) using a com-
mercial setup NTEGRA Prima (NT-MDT). A commercial
NANOSENSORS
TM
PPP-NCHR probe with a resonance fre-
quency around 300 kHz was used. Domain visualization was
performed under an applied ac voltage with an amplitude
Vac¼ 4.5V and frequency f¼ 100 kHz. Local poling was
done by applying a dc bias between the tip and the counter
electrode, followed by subsequent PFM imaging. Local pie-
zoelectric hysteresis loops were measured inside individual
grains by applying the consecutive voltage pulses and meas-
uring the piezoelectric response as a function of the voltage.
Magnetic measurements were performed with a supercon-
ducting quantum interference device (SQUID) magnetome-
ter (S700X, Cryogenic Ltd).
III. RESULTS AND DISCUSSION
X-ray diffraction patterns obtained for the
Bi0.92Nd0.08Fe1 xMnxO3 (x¼ 0, 0.05, 0.1 and 0.15) com-
pounds at room temperature were successfully fitted using
the structural model characteristic of pure bismuth ferrite.6,7
Indeed, the diffraction peaks were indexed using the hexago-
nal 2ac 2ac 23ac cell (ac 4 A˚ is the parameter of the
primitive cubic perovskite subcell) to give the extinctions
consistent with the space group R3c (Figs. 1(a) and 1(b)).
Initially, the randomly distributed Bi/Nd and Fe/Mn cations
were suggested to occupy the 6a (00z) sites with z¼ 0 (fixed
as origin of coordinates) and z 0.25, respectively. Oxygen
anions occupy the general position site 18b with x 0.5,
y 0, and z 1 (Fig. 2(a)). The model was treated with the
FULLPROF software package to yield the refined structure
sketched in Fig. 2(b). With respect to the cubic Pm3m lattice
peculiar to an ideal perovskite, structural distortions in the
rhombohedral phase can be described in terms of the anti-
phase tilting of the adjacent oxygen octahedra (a a a tilt
system in Glazer’s notation30) and the polar ionic displace-
ments along the h111ic direction of the parent cubic cell
([001]hex direction in the hexagonal setting) (Fig. 2). The
refined structural data (an example is shown in Table I) were
used to analyze compositional dependence of the ferroelec-
tric polarization in the system under study. Spontaneous
polarization appearing as a result of the ionic rearrangements
can be calculated as
FIG. 1. Observed, calculated, and difference X ray diffraction patterns
obtained for the Bi0.92Nd0.08Fe1 xMnxO3 (x 0.1 (a), x 0.15 (b), and
x 0.2 (c)) compounds at room temperature. The antiferroelectric phase of
the phase separated x 0.2 sample was described in the approximation of
commensurate orthorhombic structure with the space group Pbam (see Refs.
19, 20, 22 26 for more details). Inset shows backscattered electron image of
the Bi0.92Nd0.08Fe0.85Mn0.15O3 ceramics.
FIG. 2. Atomic arrangement in the “Pm3m” (a) and “R3c” (b) structures
along the axis coincident with one of the h100ic directions of the parent
cubic perovskite cell. Representation of the rhombohedral structure is based
on the refined parameters obtained for the Bi0.92Nd0.08Fe0.9Mn0.1O3 com
pound (Table I).
214112-2 Khomchenko et al. J. Appl. Phys. 113, 214112 (2013)
Ps ¼
X
i
ðmiDxiQiÞe=V;
where mi is the crystallographic site multiplicity, Dxi is the
ionic displacement along the polar axis from the correspond-
ing position in the paraelectric phase, and Qie is the formal
charge of the ith ion located in the unit cell volume V. The
low-doped (x 0.15) air-prepared (Bi,Ln)Fe1 xMnxO3 com-
pounds do not possess a large oxygen nonstoichiometry,21–24
so its effect on the point-charge polarization value was
neglected. Suppression of both Fe/Mn and O displacements
is observed with increasing Mn content, and the calculated
polarization decreases from 64 lC/cm2 for x¼ 0 to
53 lC/cm2 for x¼ 0.15 (Fig. 3). The decrease and, eventu-
ally, disappearance of the spontaneous polarization associ-
ated with the dilution of the Bi sublattice is a quite natural
scenario characteristic of both isovalent-substituted31 and
heterovalent-substituted32,33 Bi1 xAxFeO3 multiferroics.
Comparison of concentration ranges of the polar phase de-
velopment in the Bi1 xLnxFeO3 series
16–20 implies that the
difference between ionic radii of the host and doping ele-
ments is a key factor controlling the effect of chemical sub-
stitution on the ferroelectric properties of the modified
BiFeO3 (decreasing tolerance factor t ¼ rAþrO2p ðrBþrOÞ, where rA,
rB, and rO are the ionic radii of A, B, and O ions; rLn3þ <
rBi3þ (Ref. 34) shifts phase boundary of the polar-nonpolar
transition towards smaller x). Despite the opposite influence
of the Mn doping on the tolerance factor [unit cell volume in
the Bi0.92Nd0.08Fe1 xMnxO3 series decreases with increasing
Mn content (Fig. 3)], the B-site substituents similarly affect
the cooperative dipole ordering peculiar to pure BiFeO3. The
decrease of spontaneous polarization observed in the
Bi0.92Nd0.08Fe1 xMnxO3 system should be associated with
the local disorder/distortions induced by the Mn substitution
and affecting the anisotropic character of the chemical bonds
Bi3þ(6s2) O2 (2p6). Above x¼ 0.15, Mn doping induces
appearance of the incommensurate antiferroelectric phase
(Fig. 1(c)), whose crystal structure19 and multiferroic proper-
ties20,24,26 have been already a subject of the detailed investi-
gations. It is known that ferroelectric-to-antiferroelectric
transition in the BiFeO3-based perovskites is accompanied
by a change of the BO6 octahedra tilting scheme
19 and thus
can be considered as arising via suppression of polarization
by a structural order parameter.35 While the initial rhombo-
hedral phase coexists with the doping-induced orthorhombic
one at x¼ 0.2 (Fig. 1(c)), the x¼ 0.25 and x¼ 0.3 com-
pounds are purely orthorhombic. The Rietveld refinement
applied to the rhombohedral phase of the x¼ 0.2 sample
gives structural parameters compatible with the spontaneous
polarization of 52 lC/cm2; however, complexity of the
resulting structural model and a relatively small amount of
the polar phase in the sample (30%) leaves some doubts
about reliability of this value. Accordingly, the data obtained
for the ferroelectric phase of the x¼ 0.2 compound were not
included in the compositional dependence of spontaneous
polarization (Fig. 3). A ferroelectric nature of the Mn-
containing rhombohedral compounds was directly confirmed
by the piezoresponse force microscopy measurements, which
revealed a clear piezoelectric contrast corresponding to anti-
parallel domains. An electric-field-induced polarization
switching was also found. The measured piezoresponse was
comparable with that observed for pure bismuth ferrite.
Example of the local measurements performed for the
x¼ 0.15 sample containing a close-to-largest amount of the
Mn ions allowing the cooperative polar ordering to be kept is
shown in Fig. 4. Local ferroelectric properties of the
substitution-stabilized antiferroelectric phase were recently
investigated in Bi1 xLaxFeO3 ceramics and no distinct pie-
zoresponse was found.20
Though the present work is mainly aimed at the study of
single-phase polar compounds, 0 x 0.15, magnetic prop-
erties of the antiferroelectric samples, 0.2< x 0.3, will also
be reported below to illustrate main regularities characteris-
tic of the Bi0.92Nd0.08Fe1 xMnxO3 system. BiFeO3 belongs
to the so-called “type-I” multiferroics, in which ferroelectric-
ity and magnetism appear largely independently of one
another.36 Nevertheless, an inhomogeneous magnetoelectric
TABLE I. Structural parameters of the Bi0.92Nd0.08Fe0.9Mn0.1O3 compound at room temperature (space group R3c).
Cell (A˚) Atom Site x y z Uiso 100 (A˚2) R factors (%)
a 5.5704(1) c 13.7845(2) Bi/Nd 6a 0 0 0 2.02(2) Rp 5.26
Fe/Mn 6a 0 0 0.22449(20) 1.25(7) Rwp 6.71
O 18b 0.4360(16) 0.0012(16) 0.9609(5) 1.6(2) RB 5.08
FIG. 3. Concentrational dependences of the unit cell volume (black squares),
polarization (blue circles) and polar displacements of the O2 (white bars)
and hFe/Mni3þ (red bars) ions for the single phase rhombohedral
Bi0.92Nd0.08Fe1 xMnxO3 (x 0.15) compounds at room temperature.
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interaction influences both ferroelectric and magnetic sub-
systems of the material and stabilizes the spatially modulated
magnetic structure.37 The modulated structure can be sup-
pressed by applying a strong magnetic field Hc 180 200
kOe to release a weak ferromagnetic moment of 0.25 emu/
g.38 In polar phase, lanthanide substitution decreases the crit-
ical field Hc (Refs. 13, 14, and 16) and induces a small rema-
nent magnetization of 0.03 0.05 emu/g.16,20,39,40 The
dominant magnetic state, however, remains antiferromag-
netic up to the concentration transition into the antiferroelec-
tric phase.16,20,39,40 In this phase, the Bi1 xLnxFeO3
compounds acquire spontaneous magnetization, whose value
is very close to that released upon the magnetic field-induced
AF-wF transition.16,20 Bi0.92Nd0.08Fe1 xMnxO3 (x 0.1)
samples exhibit magnetic properties typical of the rhombo-
hedral Bi1 xLnxFeO3 perovskites
16,20,39–41 (Fig. 5(a)). The
remanent magnetization is far below the value expected for
the homogeneous weak ferromagnetic state and varies in a
relatively narrow range from 0.024 emu/g for x¼ 0 to
0.047 emu/g for x¼ 0.1. The situation drastically changes
with further increase of the Mn content. Indeed, polar
x¼ 0.15 sample demonstrates the field dependence of mag-
netization characteristic of the Bi1 xLnxFeO3 compounds in
the doping-induced nonpolar wF phase16,20,39–41 (Fig. 5(a)).
Its spontaneous magnetization, as extracted from the linear
extrapolation of the high field magnetization to H¼ 0, practi-
cally coincides with the remanent one (0.106 emu/g). The
highest spontaneous magnetization in the Bi0.92Nd0.08Fe1 x
MnxO3 series (0.124 emu/g) is observed for the x¼ 0.2 sam-
ple (i.e., near the morphotropic phase boundary) (Fig. 5(b)).
In the substitution-stabilized orthorhombic phase, a gradual
decrease of the room-temperature magnetization takes place
with increasing Mn concentration (Fig. 5(b)). Similar evolu-
tion of the magnetic behavior near the rhombohedral-
orthorhombic phase boundary was recently observed for the
Bi0.89Pr0.11Fe1 yMnyO3 series.
24
In accordance with the results of the magnetic properties
study (Fig. 5), three distinct regions on the compositional de-
pendence of the remanent/spontaneous magnetization in the
Bi0.92Nd0.08Fe1 xMnxO3 system can be market out (Fig. 6).
The low-doped compounds (red dotted region in Fig. 6)
retain the dominant AF state and exhibit a very slight
increase of the remanent magnetization with increasing Mn
content. The behavior is consistent with our previous
study,39 which found that changing the average ionic radius
of the A-site ions in the Bi0.86La0.14 xSmxFeO3 series could
have no appreciable effect on remanent magnetization in the
concentration range of the polar phase existence. It has been
suggested that the local deviation from a homogeneous dis-
tribution of the substituting elements typical of perovskite
solid solutions42 or/and lattice defects might be the driving
force for the local suppression of the cycloidal magnetic
modulation in the rhombohedral phase to induce the appear-
ance of a small remanence.39 Cooperative removal of the cy-
cloidal structure that would stabilize a purely weak
FIG. 4. Scanning probe microscopy measurements of the Bi0.92Nd0.08Fe0.85Mn0.15O3 ceramics: topography (a), electric field induced PFM contrast after poling
with Vdc 60V (dark spot) and Vdc 60V (bright spots), and local piezoresponse hysteresis loops obtained from the surface of two different grains (c).
FIG. 5. Field dependences of the magnetization obtained for the
Bi0.92Nd0.08Fe1 xMnxO3 compounds at room temperature.
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ferromagnetic state in the Bi0.86La0.14 xSmxFeO3 series
coincides with the doping-induced ferroelectric-to-antiferro-
electric transition.39 This scenario common for the
Bi1 xLnxFeO3 (Refs. 16, 20, 39, and 40) and BiFe1 xMnxO3
(Refs. 21 and 22) multiferroics is not found to be the case for
the co-doped (Bi, Nd)Fe1 xMnxO3 (Fig. 5(a)). In this system,
the change of the dominant magnetic state happens ahead
of the polar-nonpolar structural phase transformation (green
dashed region in Fig. 6). The situation is similar to that
observed in the Bi1 xCaxFeO3,
32,43 Bi1 xCaxFe1 xTixO3,
43
and Bi1 xCaxFe1 x/2Nbx/2O3 (Ref. 43) series, where chemi-
cal substitution leading to a significant constriction of the ini-
tial unit cell volume favors stabilization of the weak
ferromagnetic state within the rhombohedral ferroelectric
phase. In the orthorhombic antiferroelectric phase (Fig.
5(b)), the room-temperature spontaneous magnetization and
coercive field steadily decrease with increasing Mn content
(blue solid region in Fig. 6). The behavior is consistent with
a linear decrease of the Neel point observed in the
BiFe1 xMnxO3 series that, in turn, correlates with changing
the average number of eg electrons on the B site.
21 A linear-
like compositional dependence of the room-temperature
spontaneous magnetization in the weak ferromagnetic anti-
ferroelectric phase has also been found in the Bi1 yPry
Fe1 xMnxO3 (y¼ 0.11, 0.16; x 0.3),24 Bi0.825Nd0.175Fe1 x
MnxO3 (x 0.3),25 and Bi0.9Sm0.1Fe1 xMnxO3 (x 0.4)26
perovskites, thus confirming a common trend characteristic
of pure or lanthanide-modified BiFeO3 upon Mn doping. The
opposite situation is expected at low temperatures. Indeed,
spontaneous magnetization in the Bi0.825Nd0.175Fe1 xMnxO3
series at T¼ 5K increases with increasing manganese con-
tent.25 Similar behavior is observed in the LaFe1 yMnyO3þd
system,44,45 where competitive ferromagnetic (Mn3þ-O-
Mn4þ and Mn3þ-O-Mn3þ) and antiferromagnetic (Fe3þ-O-
Fe3þ and Fe3þ-O-Mn3þ) superexchange interactions9,10 tend
to stabilize the intermediate spin-glass-like state at low tem-
perature. Extrapolation of the straight line drawn through the
(x, Ms) points associated with the purely orthorhombic com-
pounds (x¼ 0.25 and x¼ 0.3) passes through the point corre-
sponding to the spontaneous magnetization of the
structurally inhomogeneous x¼ 0.2 sample (thus indicating
that the rhombohedral and orthorhombic wF phases possess
very close spontaneous magnetization near the morphotropic
phase boundary) and gives the “locked” magnetization of
0.235 emu/g for the Bi0.92Nd0.08FeO3 solid solution
(Fig. 6). This magnetization should be released upon the
field-induced removal of the cycloidal modulation; however,
the magnetic field available in the experiment is not enough
to accomplish the transition in the polycrystalline material
(though a deviation from the linearity indicating a metamag-
netic behavior starts to develop in the virgin M(H) depend-
ence above 40 kOe (i.e., in a good agreement with the recent
H-x phase diagram proposed for the Bi1 xNdxFeO3 sys-
tem14)). In accordance with the previous observations made
for the Bi1 xLaxFeO3 (Ref. 20) and Bi1 xPrxFeO3 (Ref. 16)
series and suggesting a similar origin of weak ferromagnet-
ism in the polar and nonpolar phases of the BiFeO3-based
compounds (namely, the Dzyaloshinsky-Moriya interac-
tion12), the predicted value of the induced magnetization in
Bi0.92Nd0.08FeO3 is close to the spontaneous magnetization
characteristic of the weak ferromagnetic state of the antifer-
roelectric Bi1 xNdxFeO3 perovskites.
41
IV. CONCLUSIONS
Room-temperature X-ray diffraction, piezoresponse
force microscopy, and SQUID-magnetometry measurements
of the Bi0.92Nd0.08Fe1 xMnxO3 (x 0.3) compounds were
performed to illustrate effect of the B-site substitution on the
crystal structure and multiferroic properties of the low-doped
Bi1 xLnxFeO3 perovskites demonstrating a ferroelectric and
dominant antiferromagnetic behaviors. It has been found that
Mn doping suppresses the polar ionic displacements (thus
decreasing spontaneous polarization from 64 lC/cm2 for
x¼ 0 to 53 lC/cm2 for x¼ 0.15) and induces a ferroelec-
tric-to-antiferroelectric transition at x 0.2. A change of the
dominant magnetic interaction is observed within the con-
centration region of the polar phase realization, so a weak
ferromagnetic ferroelectric phase untypical of Bi1 xLnxFeO3
and BiFe1 xMnxO3 multiferroics is stabilized. Near the
polar-nonpolar phase boundary, the parent rhombohedral
and doping-induced orthorhombic phases possess the same
spontaneous magnetization.
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